Rossby wave propagation theory predicts that Rossby waves in a tropical easterly flow cannot escape from the Tropics to the extratropics. Here the authors show that a southerly flow component in the basic state (a southerly conveyor) may transfer a Rossby wave source northward; thus, a forcing embedded in the deep tropical easterlies may excite a Rossby wave response in the extratropical westerlies. It is shown that the southerly conveyor determines the location of the effective Rossby wave source and that the extratropical response is relatively insensitive to the location of the tropical forcing, provided that the tropical response can reach the southerly conveyor. A stronger southerly flow favors a stronger extratropical response, and the spatial structure of the extratropical response is determined by the extratropical westerly basic flows.
Introduction
Tropical-extratropical teleconnections have been a subject of numerous studies since 1980s. Rossby wave dispersion is one of the well-known mechanisms to explain the development and maintenance of teleconnection patterns. Using a simple model, Hoskins and Karoly (1981) showed that Rossby wave dispersion in a slowly varying basic flow closely resembles the observed Pacific-North American (PNA) pattern.
On a ␤ plane, the dispersion relation for stationary Rossby waves with a basic flow u ϭ u(y) and ϭ 0 in a meridionally bounded channel can be written as
where c is the phase speed of stationary Rossby waves, ␤* is the effective ␤ parameter (the meridional gradient of the absolute vorticity), and k and l are zonal and meridional wavenumbers, respectively. Since generally ␤* Ͼ 0, Eq. (1) indicates that stationary Rossby waves can only exist in westerly mean flows. However, observed tropical forcings are typically embedded in easterly mean flows, and there is some observational evidence of teleconnections in the form of stationary Rossby waves between the tropical forcing and the extratropical circulation anomalies (Horel and Wallace 1981; Nitta 1987; Wang et al. 2001) . How the forcing within the deep tropical easterlies excites and maintains extratropical stationary waves poses a challenge to the aforementioned stationary wave theory. Several theories have been proposed to address this issue. Because the basic-state zonal flow varies longitudinally, regional westerly flows may be present at some longitudinal locations even though the zonal mean of the basic flow is easterly. These "windows" of westerly flows may act as ducts and allow propagation of Rossby waves with zonal wavelength less than the zonal scale of the westerly duct (Hoskins et al. 1977; Simmons 1982; Webster and Holton 1982; Branstator 1983; Karoly 1983) . Webster and Holton (1982) suggested that westerly ducts play an important role in interhemisphere teleconnections. Sardeshmukh and Hoskins (1988) suggested the importance of vorticity advection by the divergent flow. Even if the convective heating anomalies and the associated upper-level divergence are within the tropical easterlies, the divergent flow may induce an effective Rossby wave source in the subtropical westerlies. Large values of an effective Rossby wave source are associated with the strong vorticity gradient in the vicinity of the East Asian jet and are relatively insensitive to the precise location of the tropical forcing.
An equatorial heating may directly excite equatorially trapped baroclinic Rossby waves but is inefficient in exciting barotropic-type responses directly. Lim and Chang (1986) found that vertical shear, differential damping, and the planetary boundary layer enable an energy transfer from the heating-forced baroclinic waves to deep barotropic modes, which allows a teleconnection between the Tropics and the extratropics. Using a two-level model, Wang and Xie (1996) demonstrated that the presence of the mean-flow vertical shear couples the barotropic and baroclinic modes so that the barotropic mode is a Rossby wave driven by a source term that arises from the forcing of the baroclinic mode. Furthermore, they showed that, while the baroclinic Rossby and Kelvin modes remain trapped to the equatorial region, the barotropic Rossby mode has its maximum amplitude in the extratropics. Thus, an equatorial heating can generate a barotropic Rossby wave that emanates from the equatorial region to the extratropics through an additional source term that is proportional to the mean-flow vertical shear and baroclinic mode forcing. These studies shed light on the teleconnection between the heating-induced equatorially trapped baroclinic Rossby waves and the midlatitude barotropic Rossby wave response. Opsteegh (1982) and Schneider and Watterson (1984) found that the inclusion of a zonally symmetric meridional circulation allows for Rossby wave propagation in the direction of the meridional flow. The zonally symmetric meridional flow is an analog of the Hadley circulation and is related to the divergent component of the basic flow, which is usually not considered in barotropic models. The effects of the Hadley circulation on Rossby wave propagation and reflection were also explored by some other studies (Watterson and Schneider 1987; Held and Phillips 1990; Esler et al. 2000; Magnusdottir and Walker 2000; Walker and Magnusdottir 2002) . However, it is unclear how a zonally varying meridional basic flow affects the tropicalextratropical teleconnection.
It is the purpose of this study to investigate the role of a zonally varying meridional basic flow on the tropical-extratropical teleconnection. The sensitivity of the extratropical response to the zonal scale and intensity of the meridional basic flow is studied as well. A nondivergent barotropic model is used, and the zonal mean of the meridional basic flow is set to zero, which makes this study different from Opsteegh's (1982) and Schneider and Watterson's (1984) studies. The advection of vorticity by the divergent flow, which was emphasized by Sardeshmukh and Hoskins (1988) , is also excluded here. A brief description of the nondivergent barotropic model is given in section 2. The barotropic model simulations are presented in section 3. The role of a regional southerly flow is discussed in section 4, and section 5 summarizes the results and discusses the limitations of this study.
The barotropic model
A linear nondivergent barotropic model is used to explore the role of meridional basic flow on the tropical-extratropical teleconnection. The model is linearized relative to the 300-hPa time-mean streamfunction. It has a T42 spatial resolution and a linear damping rate of (15 day) Ϫ1 . The steady-state response of the model can be obtained by direct matrix inversion. A time integration of about 15 days can also produce a quasisteady-state response. The barotropic model can be written as
where a prime denotes a perturbation and an overbar refers to a time-mean basic state. The second term on the right-hand side represents the linear damping and fourth-order diffusion. The first term on the right-hand side is an elliptical vorticity forcing, which takes the form
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An example of a forcing centered at (10°N, 60°E) is shown in Fig. 1b with S 0 ϭ 1 ϫ 10 Ϫ10 , x d ϭ 12°, and
The basic state streamfunction takes the form
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where the first term on the right-hand side of Eq. (4), zm , is the zonal mean of the 300-hPa summer climatological mean streamfunction, which is derived from the National Centers for Environmental PredictionNational Center for Atmospheric Research (NCEP-NCAR) reanalysis. The second term on the right-hand side of Eq. (4) is the deviation of the streamfunction from the zonal mean, where A is the amplitude of the deviation, L x and L y are the zonal and meridional length scales, and (x c , y c ) defines the center of the deviation. The second term on the right-hand side introduces a meridional basic flow and weak zonal variations of the zonal basic flow, as defined by the following equations: For most of the experiments in this study, the second term on the right-hand side of Eq. (5a) is small compared to u zm , and u can be approximated by its zonally symmetric part, u zm (Fig. 1a) . Note that
The intensity of is controlled by A and the spatial scale of may be tuned by changing L x . Thus, the sensitivity of the model response to the meridional basic flow may be examined by adjusting these two parameters. By setting x c ϭ 60°E, y c ϭ 20°N, and L y ϭ 20°in the following experiments, we introduce a high centered over Iran with a 1-2 m s Ϫ1 southerly (northerly) flow to the west (east), as in Fig. 2a 
Barotropic model simulation
In this section, a suite of numerical experiments is designed to explore the role of the meridional basic flow and the sensitivity of the extratropical response to the meridional basic flow and the tropical forcing (parameters listed in Table 1 ). The steady-state response of the model is solved by direct matrix inversion.
a. Inclusion of meridional flow
To facilitate the sensitivity tests, two control runs are conducted first. In experiment Ctl-0, we use the zonally symmetric 300-hPa summer climatological mean streamfunction as the basic state, that is, ϭ zm in Eq. (4). As shown in Fig. 1a , this corresponds to an axially symmetric zonal flow with no meridional flow. The easterly basic flow extends to 21°N. A vorticity forcing is placed at (10°N, 60°E), deep within the easterly mean flow (shading in Fig. 1b ). As expected, the extratropical response is negligible in both hemispheres, and in the Tropics the response is dominated by the Rossby wave response west of the forcing. Because the zonal mean is removed from the response field, there is an anticyclonic response to the east of the forcing. Next, meridional flows are introduced to the basic state (experiment Ctl-1, see Table 1 ). As shown in Fig.  2a , a southerly flow is present west of 60°E and a northerly flow east of 60°E. Although the westerly and easterly basic flows are both slightly enhanced near 60°E, these zonal derivations are one order of magnitude smaller than the zonal mean (figures not shown). As in experiment Ctl-0, the vorticity forcing is placed at (10°N, 60°E). The striking feature of the response in Fig. 2b is a wave train originating from the region of the southerly basic flow. This wave train follows an almost great circle path over Asia. The magnitude of the extratropical response over Asia is comparable to that of the tropical response. As in experiment Ctl-0 (Fig. 1b) , the extratropical response in the Southern Hemisphere is negligible.
b. Sensitivity to intensity of the meridional flow
In this subsection, we test the sensitivity of the extratropical response to the intensity of the meridional basic flow. We reduce the intensity of the meridional flow by taking A ϭ A 0 /4 in experiment b) and A ϭ A 0 /2 in experiment Vamp-2 (Figs. 3c,d ). The zonal scales of the meridional flow (L x ) in both runs are the same as in experiment Ctl-1. As the intensity of the meridional basic flow is reduced, the extratropical response is weakened significantly. Comparison with Fig. 2 indicates that the intensity of the extratropical response is approximately linearly proportional to the strength of the southerly flow while the spatial structure of the response pattern remains almost the same. The zonal and meridional wavelengths of the responses decrease slightly in Figs. 3b and 3d. This is likely due to the slight weakening of the zonal basic flow with the decrease of the amplitude A, as shown in Eq. (5a). 
, where x c , y c , and L y are fixed and S 0 ϭ 1 ϫ 10 10 . The vorticity forcing takes the form 
Control runs

c. Sensitivity to the spatial scale of the meridional flow
Webster and Holton (1982) suggested that the spatial scale of the westerly duct is important for Rossby wave propagation. When the zonal scale of the westerlies is larger than the zonal wavelength of the perturbations, Rossby waves may propagate through the westerly duct; otherwise, Rossby waves are blocked at the critical latitude (u ϭ 0). In Fig. 2 , the zonal scale of the southerly flow is about 60°, which is much smaller than the zonal wavelength of the Rossby wave. It suggests that the zonal scale of the meridional flow does not constrain the wavelength of Rossby waves. The sensitivity of the extratropical response to the zonal scale of the southerly basic flow will be examined in this subsection. In experiment Vscl-1 (Figs. 4a,b) , the zonal scale of the southerly flow (L x ) is reduced to 12.5°, which is half of that in experiment Ctl-1 and is thus much smaller than the zonal wavelength of the forced Rossby wave. A wave train still emanates from the region of the southerly basic flow and reaches the Bering Sea. The extratropical response in Fig. 4b is much weaker and the wavelength is reduced slightly compared to the control run in Fig. 2b . From Eq. (5a), u decreases with the decrease of L x . Therefore, the wavelength of the stationary Rossby wave also decreases with the decrease of L x . Since the change of the zonal scale of the southerly flow is much larger than the change of the Rossby wavelength, the wavelength of the stationary Rossby wave is decreased due to the weakening zonal mean flow instead of being constrained by the zonal scale of the southerly flow.
This conclusion is further supported by experiment Vscl-2 (Fig. 4c,d ). As the zonal scale of the meridional basic flow is enlarged by a factor of 2, the extratropical wave response is intensified while the wavelength increases only slightly. The spatial structure of the extratropical wave train pattern remains almost the same as in experiment Ctl-1 (Fig. 2b) . Therefore, the spatial scale of the Rossby wave is independent of the zonal scale of the meridional basic flow, which is different from the scale constraint for a westerly duct. These results suggest that it is the Rossby wave source, instead of the wave form, that is transmitted by the southerly flow, which we refer to as a southerly conveyor.
Note also that the extratropical responses are weakened in Fig. 4b and strengthened in Fig. 4d . Since the advection of the Rossby wave source depends on the integral of the southerly flow, we expect the amplitude of the extratropical response to remain the same if the integral of the southerly flow is fixed. From Eq. (5b), we have Therefore, the integral of the southerly flow may be kept constant by fixing AL x . The meridional basic flows and the model responses are shown in Fig. 5 for experiment Vscl-3 and experiment Vscl-4, in which L x is varied as in experiment Vscl-1 and experiment Vscl-2, respectively, but AL x is held to the value in experiment Ctl-1. As we expected, the intensity of the extratropical responses in experiment Vscl-3 and experiment Vscl-4 are similar to that in experiment Ctl-1. However, the structure of the pattern changes because the structure and intensity of the basic flows are slightly different from those in experiment Ctl-1.
d. Sensitivity to the forcing scale
To determine the sensitivity of the extratropical response to the spatial scale of the forcing, we reduce the zonal scale of the forcing to 50% of that in Fig. 2 . Although the response (Fig. 6a) is weaker because the total integrated forcing is reduced, the spatial structure of the response remains essentially the same. In Fig. 6c , the response is shown for the case with the zonal scale of the forcing enlarged by a factor of 2. The response is stronger, but the spatial structure is still the same. Comparison of these two experiments with experiment Ctl-1 (shown in Fig. 6b for comparison) suggests that the scale of response is determined solely by the basic flow and is independent of the forcing scale. However, the strength of the response depends on the integrated strength of the forcing.
e. Sensitivity to the forcing location
The previous sections suggest that the southerly basic flow may transmit a Rossby wave source from the easterly basic flow and excite a stationary Rossby wave response in the extratropical westerlies. An extratropical wave train originates from the southerly conveyor region. It is hypothesized that the extratropical response is relatively insensitive to the precise location of the forcing but sensitive to the location of the southerly conveyor. In this subsection, we test this hypothesis by examining the sensitivity of the extratropical response to the location of the tropical forcing.
The same basic state as in experiment Ctl-1 is used in the barotropic model, and the forcing intensity and scale are fixed, but the forcing center is shifted from 60°t o 100°E in 10°intervals. As shown in Fig. 7 , the response in the tropical easterly region shifts eastward consistently with the shift of the forcing, while the extratropical response remains the same spatial structure and is spatially phase locked to the location of the southerly conveyor. As the forcing and its local response moves farther from the southerly conveyor, the extratropical response becomes weaker, which suggests that the amplitude of the extratropical response depends on the intensity of the vorticity field near the southerly conveyor.
The role of a southerly conveyor
How does a southerly component of the basic flow enable forcing in the tropical easterlies to excite Rossby waves in the extratropical westerlies? An explanation is sought using the linearized vorticity equation in the presence of a meridional mean flow,
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where an overbar refers to a time-mean basic state, the primes for the perturbations have been omitted, S is a vorticity source, and ␥ is a linear damping. The first term on the right-hand side of Eq. (9) is the anomalous vorticity advection by the meridional basic flow. It introduces an additional "source" term that transports vorticity perturbation downstream in the meridional flow. The magnitude of this term depends on the magnitude of the meridional basic flow and the meridional gradient of the vorticity perturbation. The stronger the meridional flow, the larger the extratropical response will be, as demonstrated in Figs. 2 and 3 . In addition, a meridional flow with a larger zonal scale allows more vorticity advection and, thus, will also induce a larger extratropical response (Fig. 4) . The meridional gradient of the vorticity perturbation near the southerly conveyor plays a similar role. The stronger the vorticity gradient, the larger the extratropical response will be. Therefore, as the forcing moves farther from the southerly conveyor, the extratropical response is weakened (Fig. 7) . To illustrate how this mechanism works, the difference of the streamfunction responses between experiment Ctl-0 and experiment Ctl-1 from day 2 to day 16 4064 is shown in Fig. 8 (the model is solved by time integration). If we neglect the weak zonal variations of the zonal basic flow and the basic-state vorticity in experiment Ctl-1, the only difference between these two runs is the inclusion of the meridional basic flow and thus an additional source term in experiment Ctl-1, which is shown by the shading in Fig. 8 . The anomalous vorticity advection by the southerly basic flow increases with time. It is confined to the region of the southerly conveyor and extends poleward to the mean westerlies. FIG. 7. Responses of the barotropic model to the forcing at various longitudinal locations along 10°N. The forcing is shifted from (a) 60°to (e) 100°E in 10°intervals. The basic state in Ctl-1 is used in the model, and (a) is identical to Fig. 2b .
Before day 6, the response differences are weak. On day 6, a stationary wave train appears in the region of the southerly conveyor. It takes an almost great circle route over Asia, which is consistent with Hoskins and Karoly's (1981) description. The wave train reaches a quasi-stationary state over East Asia in 16 days. A perturbation expansion approach can also show how the extratropical wave train is generated from an alternative point of view. The steady state of Eq. (9) may be written as
, ϭ V, and ␤* is meridional gradient of the absolute vorticity; can be expanded for different orders of . Assuming 
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and denoting
we then have
Equation (11) does not converge for the meridional basic flow used in experiment Ctl-1. To obtain convergence, we can rescale V by a factor ␣(␣ Ͻ 1), and Eq. (10) can be written as
where a prime means that the response is for the rescaled equation and Ј may be expanded in terms of ␣,
The equations for Ј 0 , Ј 1 , and Ј 2 may be written as
Recall from the previous experiments that the amplitude of the extratropical response is linearly proportional to of the magnitude of the southerly conveyor (), while its spatial structure is insensitive to the magnitude of . Also note that the O(1) equation [Eq. (15a) ] is not affected by or the rescaling. The total response for Eq. (10) can be approximated as
The advantage of this method is that ␣ may be chosen arbitrarily as long as Eq. (16) converges, and a larger ␣ leads to quicker convergence. If ␣ ϭ 0.7, Eq. (16) converges and N ϭ 3 provides a good approximation to the response of the Ctl-1 run. For simplicity, the zonal mean of the 300-hPa climatological mean streamfunction is used as the basic state in the operator L [under this approximation, the zonal advection of the mean relative vorticity by the anomalous flow, u x , is neglected. Further calculations show that including this term will lead to a better approximation but its effects are small], and then the zeroth order solution of Eq. (15a) is identical to the response in experiment Ctl-0 (Fig. 1b) . The source term ϪV‫ٌ(ץ‬ 2 0 )/‫ץ‬y is calculated and used to force Eq. (15b); 1 is solved and shown in Fig. 9a . The source term extends poleward in the region of the southerly conveyor, which is similar to Fig. 8 . The response is no longer confined to the Tropics; rather, a wave train originates from the southerly conveyor and extends to the Bering Sea: 2 2 and 3 3 are solved similarly. Compared to Fig. 9a , the source terms in Figs. 9b,c are slightly displaced northward, which causes a spatial phase shift in 2 and 3 . However, the wavelengths and wave paths of the first, second-and third-order responses are rather similar because they are determined by the basic flow. As shown in Fig. 9d , the total response, *, is a good approximation to the Ctl-1 response.
The above analysis suggests that the tropical forcing first generates a local Rossby wave response, and then the southerly conveyor transfers the vorticity perturbations northward to the westerly basic flow through advection, which then excites an extratropical Rossby wave train pattern. For this mechanism to be effective, the southerly conveyor needs to connect both the basicstate easterlies and westerlies. Other numerical experiments (figures not shown) in which a southerly flow is confined to the mean easterlies or to the mean westerlies do not have a teleconnection between the Tropics and the extratropics.
Concluding remarks
The role of meridional basic flow in generating teleconnections between the deep Tropics and the extratropics is studied in this paper. In the barotropic wave theory that considers only zonal mean flows, a forcing embedded in the tropical easterlies does not allow Rossby waves to propagate into the extratropics. In previous studies, geographically fixed teleconnection patterns are usually explained by barotropic instability of the basic flow or eddy-low frequency flow interaction (Simmons et al. 1983; Lau 1981; Ting and Lau 1993; Hoerling and Ting 1994; Jin et al. 2004, manuscript submitted to J. Atmos. Sci.; Pan 2003) . Sardeshmukh and Hoskins (1988) suggested that the advection of vorticity by divergent flows can induce a large effective Rossby wave source in the subtropical jet region, which is relatively insensitive to the precise location of the tropical forcing. Although the meridional vorticity advection was also included in their model simulation, its role was not studied. Another mechanism is proposed in this paper to explain the geographically fixed teleconnection patterns using the Rossby wave theory. It was found that a southerly basic flow (a southerly conveyor) will transfer Rossby wave sources downstream through advection so that forcing embedded in the deep tropical easterlies may excite a Rossby wave response in the extratropical westerlies. Stronger southerly flows or southerly flows with larger zonal scales favor a stronger extratropical response. Since a southerly conveyor determines the location of the effective Rossby wave source in the westerly basic flows, the spatial structure of the extratropical response is relatively insensitive to the precise location of the tropical forcing as long as the tropical response can reach the southerly conveyor area. The spatial structure of the extratropical response is determined by the westerly basic flows and is insensitive to the scale of the tropical forcing or the scale of the southerly conveyor.
Since a simple model is used in this study, caution is advisable in the interpretation of the results. For example, no Kelvin wave response is generated in the nondivergent, barotropic model, and the local response is dominant by Rossby waves that are confined to the west of the forcing. In experiment Ctl-1 (Fig. 2) , the vorticity field near the northerly flow region is undisturbed, which is why the extratropical response is negligible in the Southern Hemisphere. When the forcing is shifted to the east of the northerly flow (Fig. 7) , the extratropical response in Southern Hemisphere is still weak mainly due to the weak northerly flow near the critical line in the Southern Hemisphere, which cannot generate a strong Rossby wave source. Additional experiments (not shown) show that a northerly conveyor may help to excite extratropical Rossby waves in the Southern Hemisphere under favorable conditions. Finally, note that divergent flows are excluded in this barotropic model. In the real atmosphere, a diabatic forcing in the Tropics will generate a divergent flow, and the vorticity advection by the divergent flow and southerly flows may work together and shift the effective Rossby wave source poleward.
Whereas a meridional flow with a dipole structure have been used in all of these experiments, the conclusions do not depend on this special structure of the meridional flow, as indicated in section 4. Even though the experiments based on a simple model illustrate the basic mechanism, the real atmosphere is more complicated. In the real world, westerly mean flows and transient eddies are strong during northern winter, and barotropic instability and eddy-mean flow interaction have dominant roles in maintaining many well-known teleconnection patterns, such as the Pacific-North America pattern and the North Atlantic Oscillation (Blackmon et al. 1984; Lau 1988; Jin et al. 2004, manuscript submitted to J. Atmos. Sci.) . When mean westerly flows and transient eddies are weak and tropical easterlies penetrate farther north during northern summer, Rossby wave dispersion related to southerly conveyers may be important. For example, Wang et al. (2005, manuscript submitted to J. Climate) suggested that this mechanism is essential for the generation of a geographically fixed wave train pattern associated with the rainfall variations over the U.S. Great Plains during northern summer.
